Subwavelength dielectric gratings are examined in total-internal-reflection configuration. It is demonstrated experimentally that such elements, fabricated in TiO 2 , can perform full polarization conversion from incident TE to TM with nearly 100% efficiency. The dependence of the polarization conversion on the angle of incidence is analyzed. Rigorous diffraction theory is used to cross check the experimental results.
INTRODUCTION
It is well known that a linear grating with subwavelength periodicity behaves like a slab of birefringent material, namely a negative uniaxial crystal [1] . The first investigations on this class of elements, called form-birefringent gratings, in connection to phase retardation were carried out in 1980's. Transmission-type elements have been designed and fabricated for visible [2] - [6] and infra-red wavelengths [7] - [9] . Most of these papers consider elements that introduce a π/2 phase delay between two orthogonal field components, i.e., quarter-wave plates. Retarders with larger phase delay (such as half-wave plates) can be designed similarly, but require a larger groove depth and thus higher aspect ratio (depth/linewidth ratio), which complicates the fabrication task even if high-refractive-index materials are used (see, for example, Ref. [10] ).
Qualitatively it is obvious that a reflection-type geometry with oblique incidence, which is appropriate for instance in planar integrated (substrate-mode) optics [11] and flat-panel displays [12] - [14] , allows a reduction of groove depth to less than one half of the depth of the corresponding transmission element. Such an approach was taken in Refs. [15] and [16] , where total-internal-reflection configuration and a stack of thin films, respectively, were suggested to obtain high reflectivity. Metallic gratings can be used as phase retarders or polarization converters as well, with [17] - [21] or without (explicit) [15, 22, 23] surface plasmon excitation. The reflectivity of most metals is high in the infrared region, where the conductivity is high, but this is not the case in the visible region. We have previously provided theoretical comparisons between metallic and dielectric gratings for polarization conversion in the visible range [24] . Polarization conversion is important in many polarization-manipulating devices such as modulators, integrated switches, amplifiers, polarization splitters and it has also been investigated theoretically using slightly different systems, such as a combination of anisotropic materials and corrugated surfaces [25, 26] , a dielectric-film waveguide with a corrugated cover layer [27] , or a multilayered structure involving alternating birefringent biaxial layers [28] . Nevertheless, with these techniques, perfect polarization conversion is difficult to achieve and the fabrication seems to be a demanding task.
We have already shown [24] that full conversion with 100% efficiency is theoretically possible in a certain total-internalreflection configuration (with one conical reflection) with a simple binary dielectric grating. Here we investigate the issue further and provide experimental verification of the previous theoretical predictions. The paper is organized as follows. In Section 2 we present the assumed diffraction geometry of the subwavelength diffractive polarization converters and introduce the design. Section 3 details the fabrication processes of the elements, whereas experimental measurements that give evidence of a full conversion are presented in Section 4. Fi-nally, the influence of the incident angle is examined in Secion 5.
GEOMETRY AND DESIGN
Let us assume a total-internal-reflection configuration illustrated in Figure 1 . The grating region II separates two homogeneous dielectric regions I (SiO 2 substrate) and III (air) with refractive indices n 0 and n 3 = 1, respectively. The modulated region II consists of a linear subwavelength-period surface relief grating with period d and depth h. In the design we assumed a two-level element with alternating refractive indices n 1 and n 2 = 1, in which case it is customary to define the fill factor as f = c/d. However, in order to theoretically crosscheck the experiments, the actual profile shape of the gratings, obtained by SEM measurements, is taken into account. In the analyzed geometry, the incident electromagnetic plane wave arrives from the substrate side (region I) at an input angle θ, which exceeds the critical angle of total internal reflection at the interface between media I and III. The conical angle of incidence, i.e., the azimuthal angle between the plane of incidence and the grating vector, is denoted by φ. It is well known that for subwavelength gratings below the cut-off period d swl , only the zeroth transmitted and reflected diffraction orders are non-evanescent. This condition, which we shall assume throughout the work, in principle allows high-efficiency polarization conversion provided that an appropriate combination of the angles of incidence and grating parameters can be found to achieve the desired optical function. In the following analysis, we assume that the incident electric field is linearly polarized with an angle ψ with respect to the plane of incidence as illustrated in Figure 1 . Phase retardation and polarization conversion for ψ = 45 • have been studied by Haggans et al. [15] . In such a situation, 90 • polarization rotation can be achieved by phase delay only, i.e., without any coupling between the orthogonal electric-field components within the element. In this paper, we focus on a more difficult case of purely TE-polarized incident field with ψ = 90 • . Coupling between the field components is then required for polarization conversion and thus the grating must be rotated with respect to the plane of incidence (φ = 0 • or 90 • ).
Even though subwavelength structures could in principle be analyzed and designed using the effective medium theory, the results provided by such an approach are not sufficiently accurate if the period is close to d swl , mainly because several propagating modes can exist inside the grating layer. Hence we employ the rigorous Fourier Modal Method (FMM) [29] with correct Fourier-factorization rules [30] and stable solution of the boundary conditions [31] .
Our design results are summarized in Figure 2 , which illustrates the efficiency of the TE→TM polarization conversion as a function of the TiO 2 layer thickness and the conical angle φ for six different fill factors in subfigures (a)-(f). In the design, we fixed the grating period to d = 250 nm, and the (vacuum) wavelength of the incident TE-polarized field was set to λ = 633 nm. Moreover, the assumed refractive indices were n 0 = 1.46 for the substrate and n 1 = 2.08 for the TiO 2 layer. By examining the figure, we see that high polarization conversion is achieved if f = 0.45 . . . 0.50 and h ∼ 550 nm. We also note that there exist two "zones" of high polarization conversion: the first zone around φ ∼ 20 • and the second one around φ ∼ 60 • . The zones are also strongly affected by the fill factor and the thickness: for example, a fill factor f = 0.30 leads to two zones of high conversion efficiency for roughly the same thickness, while a fill factor f = 0.50 requires a much shallower structure at φ ∼ 20 • than at φ ∼ 60 • .
FABRICATION
To demonstrate the full polarization conversion experimentally, we fabricated two elements with 560 nm and 460 nm TiO 2 -layer thicknesses using standard electron beam lithography [32] and reactive ion etching (RIE). The used substrates were fused silica mask plates (dimensions 5"×5"×0.09"). Corrugated TiO 2 layers have already been utilized for microoptics purpose [33] - [35] but the fabrication technique was based on lift-off. In here, the TiO 2 film was evaporated on the substrate, followed by evaporation of a 100 nm chromium layer. The mask plate was then spin-coated with ZEP-resist (200 nm layer), which was afterwards hard-baked. The electron beam exposure was then performed using a Vistec EBPG 5000+ ESHR -pattern generator. The resist was developed and used as an etch mask in RIE of the chromium layer in Cl 2 /O 2 plasma. The remaining resist was removed, and the resulting chromium structure was further used as a mask for the RIE of the TiO 2 layer (etching gases SF 6 and Ar). In addition to this layer, some overetching of SiO 2 also took place. ures 3 and 4, where we have also sketched the grating shape for numerical cross-check calculations to be discussed in Section 4. The boundary between the TiO 2 layer and the SiO 2 substrate is visible in the pictures, and it is clear that the same RIE process parameters are not ideal for both materials. In both cases the SiO 2 sidewalls are clearly inclined, but in the second grating TiO 2 has been etched almost vertically so that a single layer suffices to model it with sufficient accuracy. Fortunately, a perfectly binary grating is not necessary for good polarization conversion properties, as we shall shortly see. We emphasize that the gratings were covered with a 15nm conductive layer before taking the SEM pictures and hence the roughness that can be observed on the pictures is mainly attributed to the conductive layer. We also note that during the measurements, we did not observe remarkable scattering which could be caused by such roughness in the structure itself.
Experimental characterization
In order to measure the polarization conversion properties of the samples, we placed the element (face down) on a precision rotation platform equipped with a Vernier scale. A rightangle prism made of BK7 overhangs the substrate, and index matching oil (Dibutyl Phtalate) between the prism and the substrate allows one to rotate the element along its azimuthal orientation without changing the incident polarization state (the refractive indices of the substrate, prism, and matching oil are very close to each other). In order to ensure that the incident polarization is linearly at 90 • from the incident plane, we placed a polarizing beam splitter (PBS) right after the laser output. The lasers and the analyzer are mounted on two arms, equipped with Vernier scales, which allow accurate control of the incident angle.
We began the characterization by setting the incident angle to 45 • using the reflection from the prism. We then measured the zero-order reflected power through the analyzer oriented along TM-or TE-directions. The ratio between the TM and the TE polarized parts and the sum of them (which remains constant for all the conical angles) allows to get normalized efficiencies, denoted by R TM and R TE . Thus, the precision rotation platform is rotated and experimental values are recorded for different values of φ. We point out that the prism has to be correctly re-oriented for each azimuthal angle so that its faces are always perpendicular to the incident plane and the transmission through the faces of the prism remains the same for the polarization components.
Preliminary measurements were carried out on the first sam-
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For that thickness and a relatively large range of fill factors around f = 0.47 a binary TiO 2 profile shape should lead to a high conversion. However, the first measurements showed that the conversion for the lower values of the azimuthal angle (φ = 21 • ) was not as high as expected and equal only to 87.3%. The element was behaving more like a thicker element with a thickness closer to 650 nm. This is explained by the overetching of the substrate, which can be seen from the profile of Figure 3 . Consequently, the grating behaves as if it was designed for a longer wavelength than λ = 633 nm that was assumed in the original calculations. Indeed, using λ = 671 nm we find that full conversion appears for a binary element with a larger thickness, as illustrated in Figure 5 . Motivated by the results of Figure 5 , we tested the first element with a laser-diode-pumped, frequency-doubled Nd:YVO 4 laser at 671 nm. The observed polarization conversion was 99% at φ = 16 • , as illustrated in Figure 6 . Note that at φ = 0 • , no conversion occurs, i.e., R TM =0 and R TE =1 (corresponding to the incident beam) since there is no coupling between the field components. Figure 6 includes not only experimental points (dots), but also theoretical calculations (solid lines). The theoretical curves are calculated taking into account the actual shape of the grating, obtained from the SEM images in Figure 3 . The multi-layer formulation of FMM [29] with 21 layers was employed, 8 of which were used to model the over-etched part inside the substrate and 13 layers to model the TiO 2 part. The numerical results are in good agreement with the experimental data. We point out that in order to model the actual shape of the grating, the estimated contribution from the conductive layer to the shape, as visible in the SEM pictures, is not taken into account in the calculations. Moreover, no sizeable scattering has been observed experimentally.
The same measurements were done with the second sample. In this sample, the over-etched part (modeled using 11 layers) allows close to perfect polarization conversion at λ = 633 nm although the nearly binary TiO 2 layer itself would be too thin. Measurements were thus performed with a HeNe laser and 94.7% polarization conversion at φ = 14 • was observed. The results are summarized in Figure 7 . Depending on the align- ments and positions on the gratings, we can estimate that the error is less than few percents around the high conversion conical positions. We remark that the theoretical fitting of the experimental curves is not perfect. This has different reasons: Firstly, there are of course some errors in the various alignments of the setup, which can lead to small (usually expected to be less than few tens of arc. min.) differences of the incident angle and the conical angle compared to the values taken into account in the calculations. Secondly, the fabrication, including resist exposure and development, as well as etching of both the Cr and the TiO 2 layer is not completely uniform. Moreover, when the grating is rotated to record conversion properties at different conical angles, the light usually hits slightly different places at the surface of the element. This should not be a problem in most cases but in the examples analyzed here, the polarization conversion is particularly sensitive to some grating parameters. For instance, errors of a few nanometers in the linewidth or layer thickness can lead to significant (several per cent) changes in the conversion efficiency. The calculations are made with one fixed shape and do not take into account possible slight spatial variations. Nevertheless, with further process developments, polarization conversion close to 100% could be guaranteed.
INFLUENCE OF THE INCIDENT ANGLE
If we keep in mind that subwavelength gratings behave like artificial uniaxial crystals, albeit the design usually requires rigorous calculations, it is clear that the increase in the optical path leads to larger retardation. This can be achieved by two different ways: Either by increasing the refractive index of the material, as in most of the previous work, or by increasing the propagation length inside the structure. Our total-internalreflection configuration already has the advantage of increasing the propagation length (and hence the optical path) within the grating compared to a transmission-configuration at normal incidence, as shown in previous papers [24, 36] . Thus it facilitates the required retardation with significantly smaller grating thicknesses. Of course, this propagation length depends on the incident angle, and it is therefore worth testing if we could reduce the required thickness even more by using a higher incident angle than θ = 45 • . Indeed, the incident angle θ can be a quite free parameter in some applications of substrate mode optics.
In order to check the validity of the above discussion, we changed the angle of the first arm from 44 • to 50 • . This corresponds, if the refraction at the prism boundaries is taken into account, to the angles of incidence θ = 44.34 • to θ = 48.30 • for λ = 671 nm. From Figure 8 we see, as expected, that the increase in θ greatly affects the polarization conversion. Moreover, if we compare Figures 5 and 8 , we find that the increase of θ has almost the same (qualitative) effect as the increase of h, which could also be expected. Examining Figure 8 , we find that at conical angles φ ∼ 20 • , the polarization conversion slowly decreases when we increase the angle of incidence. This has its roots in the fact that at θ = 45 • , the element is already slightly thicker than it should be for a full polarization conversion. It is also important to note that under these conditions, a smaller angle of incidence (i.e., θ = 44.34 • ) tends to increase the conversion, and experimentally 99.5% conversion has thus been recorded for this angle. On the other hand, the second zone of conversion (φ ∼ 60 • ) shows a significant increase of the polarization conversion: 99.6% conversion efficiency was measured for φ = 62 • and θ = 48.30 • . Again, the comparative numerical results are in good agreement with the experimental data. We note that a very slight fit of the thickness of the TiO 2 layer (maximum 5 nm) has been made for each curve independently, since the change of the angle of incidence leads to a different active zone of the element. This is absolutely acceptable in view of the fabrication parameters, and helps to get closer to the experimental results.
Similar measurements were made with the second element using illumination with λ = 633 nm, and they are shown in Figure 9 . For this element, the change in the angle of incidence helps us to increase the polarization conversion for the two zones since, in both cases, the thickness was not large enough to reach the full polarization conversion. For the angle of incidence of θ = 47.64 • , we measured an experimental polarization conversion equal to 97.9% at φ = 13 • instead of 94.7% at φ = 14 • when θ = 45 • . In view of the experimental results, it can be concluded that, as expected, the incident angle can be adjusted to compensate the efficiency of the elements. We can also extrapolate this idea to larger angles of incidence. Figure 10 reports the required thickness h as well as the corresponding conical angle φ as a function of the fill factor f in order to achieve full polarization conversion (R TM =1) for two different angles of incidence θ = 45 • and 60 • . The required thickness, when the incident angle is θ = 60 • , is almost 30% smaller than the one required for θ = 45 • . Consequently, it can be concluded that in case of applications where the incident angle can be a relatively free parameter, it is preferable to use large angles, since in that case full polarization conversion is significantly easier to achieve. This is particularly interesting if production costs and then possibilities of mass-production are taken into account. Indeed, in the case of lower thickness, it would make a technique as Nano-Imprint Lithography (NIL) [37] more successful if one wants to use high refractive index material as TiO 2 . From another point of view, the help from a longer propagation length could compensate a decrease of the refractive index. Elements made of high-refractive-index UV-moulding materials (n 1.7) [12] suitable for mass-production could then be envisaged. For instance, calculations predict that it is possible to reach a full conversion at λ = 633 nm with an element characterized by d = 250 nm, h = 640 nm, and f = 0.5, if the refractive index of the layer is n 1 = 1.7 and the incident angle is θ = 60 • . 
CONCLUSIONS
We have presented a study of TE to TM polarization conversion gratings made of dielectric materials that operate in internal reflection mode. Such elements have been fabricated by electron beam lithography and reactive ion etching processes in TiO 2 layers and tested experimentally. We showed that a nearly perfect conversion with close to 100% efficiency is possible for a single wavelength. The influence of the incident angle (to change the equivalent optical path inside the structure) was also investigated in order to look for less-fabricationdemanding possibilities. Good agreement between theory and experiment has been obtained. By extrapolation, we showed that thinner gratings (by tens of per cent) can allow perfect polarization conversion if the incident angle is an adjustable parameter. This could be the case in planar light-guide display applications [12] , which is one of the motivations of our work.
